Introduction
One of the striking paradoxes of modern medicine is the extremely high frequency of skin cancer despite an enormous body of evidence that identifies ultraviolet (UV) radiation as a skin carcinogen. Among UV sources, indoor tanning represents a growing, multibillion dollar industry, though its growth comes at a time when there is scientific consensus that exposure to UV radiation increases the risk of developing skin cancer. As evidence of the dangers of UV exposure mounts, the indoor tanning industry has responded with an aggressive public relations campaign, which appears designed to reassure the general public that health benefits of tanning may outweigh the health risks. This public relations campaign reached a peak on 26 March 2008, when the industry published a full-page advertisement in The New York Times, claiming that an association between tanning and melanoma was 'hype.' The advertisement continued:
Recent research indicates that the benefits of moderate exposure to sunlight outweigh the hypothetical risks. Surprisingly, there is no compelling scientific evidence that tanning causes melanoma. Scientists have proven, however, that exposure to all forms of UV light -both indoors and out -stimulates the natural production of vitamin D. And research has proven that vitamin D protects against heart disease and many types of cancer, in addition to providing other important health benefits. It's time to rethink sun bathing [1] .
This powerful advertisement bears scrutiny, because it simultaneously conveys certain scientific truths although confusing or distorting others, in a fashion that may dangerously affect the public's perception of true medical risk. This article presents a review of the current state of scientific evidence concerning tanning and skin cancer risk (including the risk of melanoma), the health outcomes associated with vitamin D, and the true importance of 'rethinking sun bathing' to protect the public health.
Tanning and skin cancer
Skin is the most common organ to be affected by cancer in the United States, and the incidence of skin cancer has been rising rapidly over the past several decades, especially among younger adults. The causes of this trend are multifactorial, but UV exposure patterns are broadly accepted as contributory, as fits the extensive evidence that UV radiation induces DNA damage in the skin, which can initiate carcinogenesis [2, 3] . In particular, the aromatic heterocyclic bases in DNA absorb strongly in the wavelength range of ultraviolet B (UVB), leading to the generation of cyclobutane pyrimidine dimers that cause C!T and CC!TT mutations [4] . Recent evidence suggests that radiation in the ultraviolet A (UVA) range can also trigger DNA damage via cyclobutane pyrimidine dimer formation [5] . This DNA photodamage can be repaired through mechanisms involving the tumor suppressor p53 (or, in cases of more extensive damage, p53 plays a role in regulating apoptosis), though p53 itself is subjected in the skin to dipyrimidine mutagenesis. Thus, UV-mediated DNA damage has carcinogenic potential both by initiating mutations throughout the genome and by contributing to loss of p53 function [6, 7] .
Importantly, DNA damage also initiates the tanning pathway. When activated in response to DNA damage in keratinocytes, p53 binds to and upregulates transcription of the proopiomelanocortin (POMC) gene [8 ] (Fig. 1) . The POMC polypeptide is posttranslationally cleaved into several products, including a-melanocytestimulating hormone, which then signals to melanocytes via the melanocortin 1 receptor (MC1R) [9] . If signaling through this receptor is disrupted, tanning does not occur, as in red-haired individuals who harbor loss-of-function polymorphisms of MC1R and burn in response to sun exposure without tanning [10] . In other words, UVmediated DNA damage can occur in some individuals in the absence of tanning, but tanning does not apparently occur without antecedent DNA damage. These data cast significant doubt over the theoretical possibility of a truly 'safe tan.' Although sun exposure is a known risk factor for developing skin cancer, particularly squamous cell carcinoma (SCC) and basal cell carcinoma (BCC), comparatively less attention has been directed at indoor tanning as a risk factor. An important study from 2002 addressed this question, finding that indoor tanning does contribute significantly to the risk of developing SCC and BCC [11] . On the basis of a sample of 603 BCC and 293 SCC patients, along with 540 controls, this study found that ever having used a tanning device resulted in a 50% increase in BCC risk [odds ratio (OR) 1.5, 95% confidence interval (CI) 1.1-2.1] and more than doubled the risk of developing SCC (OR 2.5, 95% CI 1.7-3.8). Age at first use of a tanning device was also a significant risk factor, with age less than 20 years associated with the highest risk for both BCC and SCC.
The tanning industry has attempted to downplay the significance of the elevated BCC and SCC risk, arguing that these forms of skin cancer are generally less aggressive than melanoma. Such an argument ignores the fact that nonmelanoma skin cancer, especially SCC, does have metastatic potential and is likely responsible for thousands of potentially avoidable deaths each year in the United States [3] . Additionally, the morbidity associated with surgical excision of nonlethal BCC and SCC and the utilization of healthcare resources to treat these preventable cancers are substantial.
Nonetheless, by shifting the discussion away from BCC and SCC and towards melanoma, the tanning industry has all but invited scientific inquiry into the association between indoor tanning and melanoma risk. Early studies of this association produced equivocal results, perhaps because indoor tanning has gained in popularity only over the past 30 years, and due to the lag time characteristic of melanoma development, early studies may not have allowed for a sufficiently long postexposure period to adequately assess melanoma risk. Indeed, a recent case-control study by Clough-Gorr et al.
[12 ] produced equivocal results for the same reason; the study found a nonstatistically significant increase in melanoma risk for individuals who had ever used a tanning bed (OR 1.14, 95% CI 0.80-1.61), but their study population had, on average, only begun using tanning beds 17 years prior to the time of data collection, which corresponded to a later age at first use. By contrast, a recent report by Ting et al.
[13 ] enrolled a slightly younger population, composed of 1518 dermatologic patients, among whom there were 79 cases of malignant melanoma. This study found that ever using a tanning bed was associated with an increased risk of developing malignant melanoma (OR 1.64, 95% CI 1.01-2.67), and importantly, this risk was particularly pronounced among women aged 45 years or younger (OR 3.22, 95% CI 1.01-11.46). . The authors conducted a meta-analysis of all 19 reports published till that time that evaluated indoor tanning behavior and malignant melanoma risk. The included reports represented a total of 7355 cases across three continents and spanned 24 years of publication. In total, having ever used a tanning bed was associated with an increased risk of melanoma [summary relative risk (RR) 1.15, 95% CI 1.00-1.31]. Out of the 19 reports initially included in the metaanalysis, seven contained data on age at first use of a tanning bed. On the basis of those seven studies, first exposure to indoor tanning before age 35 years was associated with a 75% increased risk of developing melanoma (summary RR 1.75, 95% CI 1.35-2.26), as shown in Fig. 2 .
Importantly, numerous laboratory models suggest that relatively low-dose UV exposure, which would not be sufficient to generate erythema ('sunburn'), is still able to induce skin carcinogenesis [15 ] . Thus, the notion of 'responsible tanning' is, together with 'safe tanning', mechanistically incongruous, as the ability to induce measurable tanning shares a carcinogenic intermediate.
Vitamin D and disease prevention
In addition to causing DNA damage and promoting carcinogenesis, UV exposure to the skin does have a positive effect in its ability to convert 7-dehydrocholesterol to previtamin D, which is converted by the liver and kidneys to active vitamin D. Vitamin D has long been known to be critical for skeletal health, and more recently it has been suggested to reduce the risk of mortality from a variety of cancers, presumably by signaling events at vitamin D receptors that can induce cellular differentiation and inhibit proliferation [16] . Although the data supporting these activities are reviewed below, it is important to emphasize that the virtues of vitamin D can be fully uncoupled from the risks related to UV exposure, because vitamin D can be easily obtained in oral supplements (pill form) and is routinely recommended by internists, frequently together with appropriate monitoring of levels during routine blood chemistry analyses. Thus, it is possible to embrace the benefits of vitamin D without subjecting oneself to UV carcinogenic exposure.
Colon cancer
Some of the strongest epidemiological evidence supporting an association between vitamin D levels and cancer mortality comes from the study of colon cancer. In one of the largest such studies, cancer mortality and baseline vitamin D status were assessed for 16 818 volunteers enrolled in the National Health and Nutrition Examination Survey (NHANES) III study, from which there were 66 colon cancer deaths over a period of 146 578 person-years [17 ] . Serum levels of vitamin D greater than or equal to 80 nmol/l were associated with lower colorectal mortality risk than levels below 50 nmol/l (RR 0.28, 95% CI 0.11-0.68). In a separate case-control study nested within the Health Professionals Follow-up Study (HPFS) (n ¼ 179 cases), similar results were reported: men in the highest quartile for serum vitamin D level (median 96.8 nmol/l) had a significantly reduced risk of colon cancer compared with men in the lowest quartile (median 48.2 nmol/l) (adjusted OR 0.46, 95% CI 0.24-0.89) [18 ] . When pooled with women from the Nurses Health Study (n ¼ 193 additional cases), this association for colon cancer risk persisted (adjusted OR 0.54, 95% CI 0.34-0.86). As with many studies described here, it is obviously important to interpret association studies cautiously, as the relationship may be indirect (e.g., low vitamin D may be coincidently present, but mechanistically uninvolved in colorectal cancer risk and thus, an inappropriate target for modulating risk). 
Non-Hodgkin lymphoma
Significant attention has also been directed recently at non-Hodgkin lymphoma, though with this malignancy, studies have focused more on sun exposure than on vitamin D levels. For example, in a case-control study from Germany involving 710 lymphoma patients and an equal number of controls, increased number of vacation days spent at sunny locations was associated with a decreased risk of developing lymphoma (OR 0.6, 95% CI 0.4-0.8) [21] . Similarly, total hours of sun exposure per week had a weak negative association with nonHodgkin lymphoma risk among individuals living in Nebraska [22] . A major meta-analysis combining data from 10 studies covering 8243 cases and 9697 controls further supports these claims; individuals who had the highest levels of recreational sun exposure were found to have a decreased risk of non-Hodgkin lymphoma (pooled OR 0.76, 95% CI 0.63-0.91) [23 ] . It is important to note that sun exposure does not necessarily correlate with vitamin D levels, and, in fact, when vitamin D intake was measured, it was found not to be associated with lymphoma risk [22] . Furthermore, vitamin D receptor polymorphisms have been shown not to have a statistically significant association with lymphoma risk [24] . Thus, in the case of non-Hodgkin lymphoma, sun exposure may affect disease risk through a different mechanism than vitamin D (e.g., by UV-mediated immunomodulation in the skin) or it may alternatively reflect a confounding variable (such as exercise frequency or baseline health status).
Cardiovascular disease
There is also an increasing body of evidence associating vitamin D levels with other noncancer disease states. In a significant report from the NHANES III study, 7186 men and 7902 women were evaluated for both vitamin D status and cardiovascular risk factors [25 ] . Compared with individuals in the highest quartile of vitamin D levels (greater than 92 nmol/l), those in the lowest quartile (less than 52 nmol/l) were more likely, after adjusting for age, sex, and race, to have elevated blood pressure (OR 1.30, 95% CI 1.13-1.49), a history of diabetes (OR 1.73, 95% CI 1.38-2.16), and an elevated triglyceride level (OR 1.47, 95% CI 1.30-1.65). These results reinforce the importance of vitamin D to overall health, but they do not imply that intentional UV exposure is necessary for attaining optimal vitamin D levels. Although frequent indoor tanning can be associated with elevated serum vitamin D, noncarcinogenic alternatives such as dietary intake and oral supplements should be preferentially considered [26] .
Tanning trends
In 1988, as few as 1% of American adults reported using indoor tanning facilities and by 2007, that number had increased to 27% [27 ] . Other reports have found even higher levels of tanning among younger adults, particularly young white women [28] . At the same time that tanning rates are increasing, many tanning devices are employing more powerful UV lamps: a recent study from England found that 83% of tanning beds evaluated exceeded European standards for UVB radiation levels, and similar findings of increased UV intensity have been reported in Norway [29 ,30] . Combined, these results portend a potential looming public health crisis, with tens of millions of individuals putting themselves at increased risk of developing BCC, SCC, and melanoma in the years ahead.
Future prospects
How can this information be utilized optimally relative to the escalating incidence of skin cancers? First, education of the general public regarding the risks of UV exposure, including from indoor tanning devices, is necessary. The ability of UV to induce cutaneous vitamin D production is not a persuasive argument supporting UV tanning because of non-UV means to obtain identical (if not more accurate) maintenance of healthy blood vitamin D levels. In one study, 67% of individuals surveyed in 2007 were aware that limiting tanning decreases the risk of developing skin cancer, but that proportion was down from 77% in 1994 [27 ] . In light of the indoor tanning industry's current public relations campaign to dissociate tanning from melanoma risk, knowledge of the dangers posed by intentional UV exposure is likely only to decrease unless an effective counter-message is offered by the biomedical community.
Second, physician counseling of patients who engage in intentional tanning should be considered. Several recent studies have found that 12-26% of frequent tanners, particularly adolescents and young adults, show signs Indoor ultraviolet tanning and skin cancer Schulman and Fisher 147 of addiction to tanning, which may be related to endogenous opioids that are released as a byproduct of the tanning pathway [8 ,31,32 ,33 ] . Physicians may, therefore, need to view tanning similarly to cigarette smoking or alcohol use: as a potentially addictive behavior that can increase the risk of future malignancies.
Third, political action may be required to expand and enforce regulation of the tanning industry. Twenty states currently have laws regarding indoor tanning, most of which regulate access by minors to tanning facilities [34, 35] . However, mechanisms to enforce these regulations are not currently sufficient. In one study conducted in Minnesota and Massachusetts, 15-year-old girls were sent to 200 indoor tanning facilities and attempted to purchase tanning sessions without parental consent in violation of state law; the girls succeeded in purchasing sessions at 81% of facilities [36] . Given that early exposure to indoor tanning is associated with the greatest increase in risk of developing melanoma, improved regulation of the tanning industry, especially as it concerns youth access, is of vital public health concern. It may also be cost-effective: in a recent analysis in Australia, strict regulation of tanning access was estimated to save $AU 256 054 in eventual healthcare costs per 100 000 persons [37 ] . Importantly 'Tanning Salons' sometimes offer customers non-UV tanning options, which represent cosmetic alternatives that are likely to be profoundly safer (many of these cosmetic darkening products may contain sunblocks). The switch to such marketing strategies may profoundly alter the skin cancer risk for clients.
Conclusion
Despite claims by the tanning industry, recent evidence supports an association between indoor tanning and increased risk of skin cancers, including BCC, SCC, and melanoma. Although association studies have correlated vitamin D levels with protection against various internal malignancies and other disease states, acquiring vitamin D by cutaneous UV exposure is not necessary, and noncarcinogenic sources such as dietary supplementation are to be preferred. Moreover, prospective randomized trials are needed (and some are underway) to directly test the role(s) of vitamin D supplements at varied doses relative to a variety of cancer endpoints. Given the high prevalence of indoor and outdoor tanning, especially among younger individuals, it is a public health imperative to educate the general population about associated risks and set in place opportunities to utilize this information to more effectively prevent skin cancer. In this study, ever-use, age at first use, and duration per session of tanning bed use were evaluated with regard to melanoma risk. All subtypes of use were found to be positively associated with melanoma risk, and risk was highest for individuals who began using tanning beds prior to age 45 years. This major meta-analysis combined data from 19 prior studies to assess the relationship of indoor tanning to melanoma and nonmelanoma skin cancer risk. Ever-use of a tanning bed was associated with an increased risk of melanoma, and use prior to age 35 years, increased the risk of melanoma by 75%. This study provides the most extensive evidence to date of the risk of melanoma associated with indoor tanning, especially as it pertains to youth tanning.
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Halliday GM, Lyons JG. Inflammatory doses of UV may not be necessary for skin carcinogenesis. Photochem Photobiol 2008; 84:272-283. In a review of in-vitro, ex-vivo, and in-vivo data, the authors summarize evidence that skin tumors can form after exposure to UV radiation that is below the threshold needed to induce inflammation. These findings are significant because they suggest that tanners are at risk of skin cancer even if they do not suffer sunburns. In addition to analyzing the relationship between prediagnosis serum vitamin D levels and prostate cancer, this study also accounted for a polymorphism in the vitamin D receptor. The combination of low vitamin D levels and loss-of-function polymorphism was associated with increased disease risk and disease aggressiveness, suggesting that the entire vitamin D axis warrants examination in future studies.
